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INTRODUCTION » _

Gangliosides are naturally occurring ac1dlc glycolipids that are enriched in neural tissue. They

broadly protect different types of neurons in vitro (1:2) and preserve diverse neuronal (3-5) and
behavioral (6:6) functions from a variety of neurotoxic insults in vivo. The fact that gangliosides
appear to protect neurons from various neurotoxic insults by several different mechanisms makes them
ideal candidates for, or models upon which to derive, therapeutic agents for Parkinson’s disease and
other heurodegenerative diseases with potentially diverse pathological mechanisms. Gangliosides are
heterogeheeus compounds differing in the composition of their lipophilic and hydrophilic moieties. It
has been shown with the monosialoganglioside GM1 that the cytoprotective effects and blood-brain
barrier permeance differ among the various molecular structures. This implies that the protective
effects of gangliosides can be optimized by senlisynthetically varying their lipophilic and hyﬂrophilic
moieties. Many neurotoxins work through mechanisms that involve mitochoﬁdrial electron transport
chaih inhibition and oxidative stress, proteasomal inlﬁbition, or excitotoxicity. Gangliosides have been
shown to be protective against a range of neurotoxins in various models. For example, GM1 protects
dopaminergic neurons from MPTP (7;8) and MPP" (9) (a mitochondrial complex I inhibitor) even
when administered after neurotoxin exposure (10). Gangliosides appear to be protective through
several mechanisms. These nﬁnimaﬂy include their effects on growth factor production and receptor
activation (11), signal transduction (12), membrane order and raft formation (13), caleium homeostasis
(14), membrane trafficking, excitatory processes (15), altered enzyme aetivity (such as superoxide
dismutase (16), catalase (17) or phosphatidylinositol 3-kinase (2)) and modified protein kinase C
tfahslocation (3). 1t is, of course, important to ultimately understand the mechanism of ganglioside
neuroprotection. There is, however, neither an adequate understa.ndmg of ganglioside functional
_groups and requlred structure necessary to produce significant neuroprotection, nor a sufficient
knowledge of the functional group alterations that allow ganglioside derivatives to effectively cross the
BBB while maintaining cytoprotective ability. In fact, -investigations into ganglioside protective
mechanisms are daunting endeavors because of the apparent diverse modes of action. Thus, one
approach to defining structure-function relationships in ganglioside neuroprotection is to first describe
the structural requirements for neuroprotection and then to define the mechanisms of action.

One problem in using gangliosides for therapeutic purposes is that they are ionic and hydrophilic.
This prevents them from efficiently crossing the BBB. An approach to overcoming the BBB limitation
is to make gangliosides more lipophilic by derivatizing the parent compounds (semisynthetic
gangliosides), and, presumably, making them better able to cross the BBB. The internal ester (lactone)

of GM1 is chemlcally neutral (and, therefore, more 11pophlhc) and it is also neuroprotective in vivo,
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often more potently than the parent GMI. (19), 20), (21), a (22). The apparentbimprovément,
compared to the parent GMI, in the in vivo neuroprotection by ganglioside derivatives such as the
internal ester or LIGA 20, may be due to either or both improvéd neuroprotective properties, and
improved ability to cross the BBB. ’ |
V This study examines ganglioside functional group derivatives that provide cytoprotection AND
effectively cross the BBB; information that will provide a basis for future studies of neuroprotective
mechanisms. This research studies the ability of ganglioside derivatives to be cytoprotective in in vitro
models using the dopaminergic neurotoxin, 1-methyl-4-phenylpyridinium (MPP") and the SH-SY5Y
- human neuroblastoma cell line. Derivatives determined to have therapeutic potential are tested in vitro
for their ability to cross a brain capillary endothelial cell culture model of the BBB. Derivatives that
are both cytoprotective and that effectively cross the in vitro BBB model will be tested in vivo for their
ability to neuroprotect dopaminergic neurons in both chronic and acute neurotoxicity models using the
MPP" precursor, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). This research studies the
hypothesis that ‘“changes in ganglioside ceramide and/or oligosadcharide functional groups will
. improve neuroprotection through changes in cytoprotection and BBB transcytosis.;’ This research will
provide a basis to improve ganglioside neuroprotection in heurodegenerative diseases, e.g.,

Parkinson’s disease and neurotoxin exposure.

BODY

Response to reviewer’s comments on second annual report

(1) Objective #1 — In progress, slow, but some success reported....... no data for quanti'tazive yield
or structural determination, such as chemical and mass spectrometry, as originally planned..... - As
described below, this project has been impeded by the substantial loss of lysoGM1 due to a
commercial solvent that was acidic well beyond specifications. Considefable‘ time and effort is
required to produce this material from GML1. It is then used to synthesize the fatty acid molecular
species used for in vitro testing and for the production of radiolébeled gangliosides. It is extremely
unstable in an acidic environment. Negotiations are in progress with the manufacturer to recoup losses.

Still, several derivatives have been synthesized and characterized (Table 1). Gangliosides and their
derivatives were charaéterized by chromatographic behavior cbmpared to ganglioside standards,
chemical reaction (e.g., hydrolysis of esters to the parent compounds), colorometric responses to
specific sprays on HPTLC (e.g., resorcinol for sialic acid; orcinol for sugars, and ninhydrin for free
amines) and by MS and MS/MS instrumental analyses. MS and MS/MS spectra of the derivatives were

acquired by infusion of methanol solutions of each compound at 5 ul/min directly into the electrospray
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iom'zétion source of a Finnigan LCQ -quadrupole ion trap mass spectrometer equipped with a Finnigan
Xcalibur data system. Negative ion electrospray ionization was performed with 4,500 V source
potential and MS/MS spectra were obtained using 33% collisional activation energy. The derivatives
were identified by the [M-H] ion and MS/MS fragment ions. Characterization of several inner esters

of N-acylGM!1 derivatives is in process.

Compound Resorcinol | Orcinol | Ninhydrin ﬁ)ital;,r)l{f:ianggy gll 38-:10- gfél:{)]-&O:l
GM1 + + - yes 1544 1572
GM1 inner ester + + - no 1526 1554
lysoGM1 + + + untested 1261 1289
N-acetyl GM1 (LIGA4, C2) | + + - yes . 1320 1348.
N-dichloroacetylGM1
(LIGAZ0 oy o) + + - untested 1388 1416

| GM1 gangliosidol +(faint) + - no ] 1530 1558
N-acetyl GM1 inner ester + + |- no 1302 1330
AsialoGM1 - + - no 1253 - 1281 -
N-butyl GM1 (C4) + + - yes . 1348 1376
N-myristyl GM1 (C14) + + - yes 1488 1516
N-arachidyl GM1 (C20) + + - yes 1572 1600
N-cerotyl GM1 (C26) + + - yes - 1656 1684

Table l‘. Characteﬁzation of gangliosides and ganglioside derivatives. C18:0, 18 carbon saturated fatty acid;
d18:1, sphingosine; d20:1,eicosasphingosine (20 carbons, 1 double bond).
(2) Objective #2 Although the work is in progress, it is slow and at risk of being diffuse and poorly
focused...... trafficking studies not very satisfying... ..... nothing on dopamine transporter — At the
reviewer’s suggestion, we limited, for the results reported here, the assay of viability to the MTT
assessment. '

The intracellular trafficking of exogenous ganglioside derivatives is being approached in
collaboration with Dr. Wayne Lencer énd Dr. Anne Wolf, Childrens Hospital, Boston, MA. These
investigators are utilizing a glioma cell line for their studies. They have found that, indeed, the plasma
membrane uptake kinetics and cholera toxin binding of the short chain ceramide fatty acid derivative
(N-butyl GM1) is significantly different than that for the parent compouhd. Conditions for the uptake
kinetics and subcellular trafficking are being defined in the glioma cell line and will then be applied to
the SH-SYSY cells. This approach is being taken in the interest of efficient allocation of time and
Tesources.

Further, we are aware of the role that the dopamine transporter plays in MPP+ toxicity. The

transporter is present in the SH-SYS5Y cells but we have no evidence that the toxin alters its gene

expression.
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(3) Objective #3 and Objective #4 Considered as not yet addressed — These objectives have not been
~addressed. The loss of our lysoGM1 seriously delayed synthesis of the radiolabled ganglioside

derivatives needéd for the BBB studies. The endothelial cell model of the BBB is now functional and

the studies on BBB permeance will be initiated upon acquisition of the necessary labeled compounds.

We anticipate these derivativés will be availab]e within the next month barring unforeseen

circumstances. Objective #4 will be initiated immediately upon identification of an effective

cytoprotective derivative that crosses the BBB model effectively.

Report -

This proposal consists of 4 specific objectives in the Statement of Work.

Statement of Work, Objective 1- Semisynthetic ganglioside derivatives will be svrithesized from

gangliosides isolated and characterized in the P.1.’s laboratory. These will include derivatives of the

ceramide fatty acids, oligosaccharide functional groups, including internal esters, asialo, and reduced

carboxylic acid (gangliosidol), and combinations of ceramide and oligosaccharide derivatives.

Syntheses will be performed as described in Methods. Semisynthetic ganglioside derivatives will be

characterized by chemical and mass spectrometric techniques.

Techniques for the synthesis of GM1 derivatives are now well established in this laboratory. In
this reporting period, one serious problem arose that resulted in the destruction of the total
lysoGM1 supply that had been synthesized in this project. LysoGM1 is the starting material for
all of the GM1 fatty acid derivatives, both unlabeled and radiolabled. This compound is
sensitive to acid hydrolysis and must be handled in a neutral or slightly alkaline condition.
Chloroform purchased from a reputable source (Fisher Scientific) contained acid well beyond
product specifications. This problem was not discovered for some time because the visual
consequences manifested themselves idehtically to problems with chromatographic
purification. This source of chloroform has been used in this laboratory for two decades with no
previous problems. When replacement chloroform was ordered, the acidic condition sﬁll
existed even though the company was aware of the problem and even though it had assured us
the problem was resolved. Currently, we are negotiating with Fisher Scientific to obtain

compensation for the lost time, materials, and staﬁing material.

Statement of Work, Object 2 - Semisynthetic derivatives that specifically retain or improve the

cytoprotective properties of the parent compound will be determined by testing them in vitro using an

MPP" model of neurotoxicity in SH-SY5Y cells. Cytoprotection will be evaluated by use of the MTT

assay, trypan blue exclusion with cell counting, and neurochemical analysis of DA, DOPAC, and

HVA.




The ability of GM1 (no preincubation) to protect RA-differentiated SH-SY5Y cells from MPP*
toxicity was determined Wit_:h the MTT assay 48 hr after toxin exposure (Figure 1). The MTT assay

provides an evaluation of mitochondrial status. Experimenfs consisted of at least 4 wells per data point

- and the experiment was performed in triplicate.

GM1
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Figure 1. GM1 cytoprotection. Increasing concentrations of
GM 1 partially protected SH-SY5Y cells from MPP* (1mM)
toxicity. Concentrations at or above 2uM did not provide
protection. ’

Values represent the mean + SEM of 4 wells

* p<0.05

GM1 provided partial protection against MI_’P+ toxicity with maximal protection at 1 uM.

Higher GM1 concentrations were not protective. The mechanism of this loss is unknown but may be

“due fo the detergent effect of the amphipathic GM1. This phenomenon was seen with all 'of the

derivatives tested and will earn further investigation in another project. Incubation of GM1 alone with
SH-SYSY cells under ‘éhese conditions did not significantly alter cell viabiiity compared to no GM1
conﬁols. |

The literature indicates that gangliosides may require a preincubation period prior to addition of
the toxin. We tested the need for pr’eincuﬁation with the parent. GMl. The SH-SY5Y cells were tested

at 48 h after MPP+ expésure. The cells were preincubated with GM1 for 2 hr before toxin addition and
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the amount of protection was compared to that. with no preincubation and to the presence of toxin
alone (Figure 2). Preincubation did not improve p:otectioﬁ.. Shorter (0.25 hr and 0.5 hr) and long'er 4
hr and 6 hr) incubation times were also examined in a separate .ex‘periment with no improvement in
cytoprotection compared to no preincubation controls. Therefdre, for the MPP" experiments, no

preincubation of GM1 or the derivatives was used.

PERCENT CONTROL

w/MPP+

2h

Figure 2. Preincubation of the GM1 is not required for
cytoprotection. '
Values are mean + SEM

* different from MPP" alone, p<0.01, N = 6 wells

Although preincubation is not required for GM1 in this experimental paradigm, preincubation
experiments to investigate optimal preincubation intervals for each new derivative to be testéd are
included in the experimental design.

Subsequent to establishing conditions for GM1, several GM1 deﬁvatives have been tested in
vitro uéing the MTT assay. For each derivative tested, dose response and preincubation curves were
run. Cell culture plates (48-well) were utilized and each data point consisted of either 4 or 6 wells

depending on the experimental design and each experiment was run in duplicate or triplicate with the
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exception of the GM1 inner esfer which has been run only once to this time. For brevity, comparisons
are preseﬁted at the derivative concentration with maximal cytoprotection (Figure 3). All GM1
derivatives were cytoprotective with the exception of the asialo derivative, implying that the sialic acid
is' an important constituent for cytoprotection. LysoGM1, - N—butylGMl, and N-myristylGM1
cytoprotect comparable to GMi but their effective concentrations are significantly less than that for
GM1 (lysoGM1 0.1 pM; butylGM1 0.05 uM; N-myristylGM1 0.04 uM). LysoGM1 (no ceramide fatty
acid) was unexpectedly protective. This could imply that the fatty acid is not important in the

cytoprotective mechanism or that the cytoprotective mechanism is
100

90
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60

PERCENT CONTROL

50

40

30

1uM GM1 0.1 ||1Vl_ 0.05 uM N- 0.05 uM 1uM 0.04 N- 0.8 uM GM1
LysoGM1 butylGM1 AsialoGM1 LIGA20 myristylGM1 Inner Ester

Figure 3. Comparisons of GM1 derivative cytoprotection. Values are
expressed as percent control + SEM. Stripped columns are percent control
of MPP*-treated RA-differentiated SH-SY5Y cells. Filled columns are
percent control + SEM of MPP”-treated cells in the presence of GM1 or
GM]1 derivative. Differences between MPP" with or without GM1 or
GM1 derivatives are significant except for asialoGM1.

*p<0.05

*%p.0.01

different for lysoGM1. The likelihood of different mechanisms of action is supported by the fact that

different chain length ceramide fatty acid gangliosides differentially regulate growth factor signals
10



A(2_3). Also, the ceramide fatty acid is apparently important in the determination of BBB .permeance.
‘Experiments with combinations of derivatives will be tested for any additive effects of separate
me'chanisfns. The protection afforded by th;a GM1 internal ester appears to be the most potent. Internal
esters of the other derivatives are being prepared. Considerations for in vivo testing will include blood-
brain barrier permeance and effective concehtration rankings.

Additional experiments have been performed (in collaboration with Dr. Kelly Conn, Dr. John
Wells, Dr. Richard Fine at the VA Hospital, Bedford, MA) to further establish the mechanism of MPP*
toxicity, which will help in the delineation of mechanisms by which ganglioside derivatives are
cytoprotective. To further define MPP¥ toxic mechanisms and Parkiﬁson’s disease neuronal
degeneration, RT-PCR analysis was used to characterize the transcriptional response of retinoic acid-
differentiated SH-SY5Y cells to MPP" exposure. We have shown that the protein disulfide isomerase
(PDI) family member pahcreatic protein disulfide isomerase (PDIp), previously considered exclusively
expressed in pancreatic tissue, is uniquely upregulated among PDI family members within 24 hours
following éxposure of retinoic acid-differentiated SH-SYSY cells to 1 mM MPP" or to 10uM of the
proteasomal inhibitor lactacystin (Appendix, Item #1). Further, lactacystin treatment incre‘ases
clusterin expression. Clustérin (apolipoprdtein J) is a highly conserved, multifunctional vertebrate
glycoprotein. Several isoforrr;s exist and the predominant secreted isoform (sCLU) is associated with
cell death and binds a variety of partly unfolded, stressed proteins including those associated.with
Lewy bodies in Parkinson’s disease (Appendix, Item #2). The dpvelopment of familial and sporadic
Parkinson’s ;iisease has been associated with the ubiquitin-proteasome system dysfunction and
aberrant protein degradation. These findings on altered gene expression in experimental models of
Parkinson’s disease provide insight into possible protective mechanisms.

In a collaborative study with Dr. Wayne Lencer and Dr. Anne wolf, we have been looking at

exogenous ganglioside trafficking as suggested by a reviewer of the previous report. Initial studies

have been performed in a glioma cell line. Preliminary results indicate that the shorter chain
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ganglioside (N-butylGM1) vassociates ﬁiore rapidly with the plasma membrane than (ioes the parent
GM1 but that the parent GM1 is a more effcctive receptor for cholera toxin subunit than the butyl
derivative. These experiments are being repeated and the intracellular target for the 5dund cholera
toxin is now under i_nyestigatioﬁ. When conditions are well established, the uptake kinetics and

intracellular trafficking will be examined in the SH-SYSY cells.

Statement of Work, Objective 3, Effective cytoprotective semisynthetic ganglioside derivatives that

effectively cross a brain capillary endothelial cell model of the blood-brain barrier (BBB) will be

determined. Model BBB transcytosis will be assessed by liquid scintillation counting of radiolabeled_

derivatives in ahquots taken from the lower wells of Transwell cell culture plates. These studies have

been delayed because of the lysoGMl loss described above. Radlolabeled derivatives are now being

synthesized using galactose oxidase and [3H]-sod1umborohydr1de and the experiments will soon begin.

Statement of Work, Objective 4, Semisynthetic ganglioside derivatives that effectively protect

neurons in vivo using chronic and acute MPTP administration models of neurotoxin insult will be

determined by testing, in mice, those derivatives that both cytoprotect the SH-SYS5Y cells from MPP*

toxicity in vitro AND that effectively cross the in vztro BBB model. The chronic and acute models

represent anoptotlc and IlCCI‘Oth cell death mechanisms, resnectlvelv Neuronrotectlon will be

evaluated by neurochemical analysis of dopamine (DA), 3.4-dihydroxyphenylacetic- acid (DOPACQ),

and homovanillic acid ( HVA), and by neuronal counts of Nissl substance, tyrosine hydroxylase (TH)

and dopamine transporter (DAT) positive neurons of the substantia nigra pars compacta. Work on this

- objective is also delayed but will begin upon completion of the BBB studies.

KEY RESEARCH ACCOMPLISHMENTS | |

* Increasing concentrations of GM1 partially protects SH-SY5Y cells from MPP* (ImM) toxicity.
Concentrations at or above 2uM appeared to make the cells more vulnerable to MPP" toxicity.

* Preincubation of the GM1 is not required for cytoprotection |

e Ganglioside derivatives provide cytoprotection comparable to the parent GM1 but at lower
concentrations

e (GML1 protects against low p‘otassium induced apoptotic cell death

e MPP" or lactacystin upregulate the expression of PDIp

e Lactacystin increases clusterin expression

12




REPORTABLE OUTCOMES

Manuscripts

Conn,K., Ullman MD, Larned MJ, Eisenhauer PB, Fine RE, Wells JM: cDNA Microarray Analysis of
Changes in Gene Expression Associated with MPP" Toxicity in SH-SY5Y Cells, Neurochem. Res.
Neurochemical Research (2003) 28: 1873-1881

Conn KJ, Gao W, McKee A, Lan MS, Ullman MD, EisenhauervPB, Fine RE and Wells IM.
Identification of the Protein Disulfide Isomerase Family Member PDIp in Experimental

Parkinson’s Disease and Lewy Body Pathology. Brain Research. In press.

Carreras I, Garrett-Young R, Ullman MD, Eisenhauer PB, Fine RE, Wélls JM, Conn KJ. Upregulation
of clusterin/apolipoprotein J in Lactacystin-treated SH-SYS5Y Cells. J. Neurosci. Res. Submitted.

Abstracts

Conn KJ, Garrett-Young R, Ullman MD, Gao WW, Eisenhauer PB, Fine RE, Wells JM. Upregulation
of Clusterin/apolipoprotein J in Lactacystin-treated SH-SY5Y Cells. 9™ International Conference
on Alzheimer’s Disease and Related Disorders, July 17-22, 2004

Conn KJ, Carreras I, Ullman MD, Eisenhauer PB, Fine RE, Wells TM. Upregulation of
Growth/Differéntiation Factor-15 (GDF-15)/Macrophage Inflammatory Peptide-1 (MIC-1) by
MPP" and Lactacystin in differentiated SH-SY5Y Cells. Society for Neuroscience, 34™ Meeting,
San Diego, CA 2004

Presentations
Ullman MD. Neuroprotective Ganglisode Derivatives: An Overview. Department of Health and
‘ Environmental Sciences, University of Massachusetts Lowell, Lowell, MA. April 21, 2004

CONCLUSIONS

Our experience in synthesizing and developing HPLC procedures to purify semisynthetic ganglioside
derivatives provides the opportunity to find improved cytoprotective ganglioside derivatives, to define
required functional groﬁps for cytoprotection, and to initiate studies to determine cytoprotective

mechanisms. Regrettably, the studies have been impeded by the unfortunate and unavoidable loss of
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the lysoGM1 supply. Still, progress has been made in the in vitro studies. GM]1, to appfoxirnately
2uM) partially protectéd SH-SYS5Y neuroblastoma cells from MPP* toxicity. GM1 concentrations
above 2uM appeared to make the cells more vulnerable to MPP" toxicity and this phenomenon
warrants further investigation in another study. ‘_.Preincubation of the GM1 was not required.
Ganglioside derivatives provide comparable cytoprotection but at lower concentrations than that for
the parent compound. These compounds will be tested in the endothelial cell model of the BBB.
Experiments have been performed to further establish the mechanism of MPP" toxicity, which will
help in the delineation of ‘mechanisms by which ganglioside derivatives are cytoprotective.
- Experimental modeling of Parkinson’s disease neurodegeneration using MPTP and MPP* identified
changes in gene expression of different endoplasmic reticulum stress proteins associated with MPTP-
and Parkinson’s disease-related neurodegeneration. The protein disulfide isomerase (PDI) family
member pancreatic profein disulfide isomerase (PDIp) was found to be uniquely upregulated among‘
PDI family members following exposure of retinoic acid-differentiated SH-SY5Y cells to MPP" or to
the proteasomal inhibitor lactacystin. Further, lactacystin treatment increased clusterin expression. The
development of familial and sporadic Parkinsbn’s disease has been é.ssociated with the ubiquitin-
proteaéome system dysfunction and aberrant protein degradation. These findings on altered gene
expression in experimental models of Parkinson’s disease emphasize the importance of understanding
the mechanisms of MPP" toxicity -in attempts to further define mechanisms of ganglioside
neuiroprotectio'n because by better understanding neurotoxic and neuroprotective mechanisms, specific

steps in the cell death process can be targeted.
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Abstract

Parkinson’s disease (PD) is a slowly progressmg neurodegeneranve dlsorder with-no clear etlology Pathologlcal hallmarks of the

dicense inciude the loss of dopaminergic neurons from ' th

bstantia nigra (SN) and the presence of Lewy bodies (LBs) (a-synuclein and

ubiquitin-positive, eosinophilic, cytoplasmic inclusions).in many of: the surviving neurons. Experimerital modeling of PD neurodegeneration
using the neurotoxins 1-methyl-4-phenyl-1,2,3,6-tetra ydropyndme (MPTP) and 1-methyl-4-phenyl-pyridinium (MPP*) has identified

changes in gene expression of different e
neurodegeneration. We show that the protei
previously considered exclusively expressed
exposure of retinoic acid (RA)- dlfferentlate SH:
proteasome inhibitor lactacystin. RT- pC
studies demonstrate PDIp immunoreactiv;

pla mic retlculum (ER) stress proteins associated with- MPTP- and - PD-related
merase (PDI) family member pancreatic protein disulfide isomerase (PDIp),
Sreatic nssue is uniquely upregulated among PDI family members w1thm 24 h following -
2SYS5Y human neuroblastoma cells to either 1 mM MPP” or 10 pM of the highly specific
conﬁrms PDIp expression in brain of post-mortem human PD subjects and 1mmunohlstochemlcal- i
ty in LBs. Collectively, these findings suggest that increased PDIp expression in dopamlnerglc

(DA) neurons might contribute to LB formatlon and neurodegeneranon and that this mcreased PDIp expressnon may be the result of

Proteasoiiic unpaument )
© 2004 Pubhshed by Elsévier B. \"3

Theme: Disorders of thcvnq_rvbus-.-vsys”tem
Topic: Degenerative disease:“Parkinson’s

Keywords: »1-Mcth}'lM—ﬁhcnyl_—p)kridinium; Parkinson’s disease; Lewy body; Dementia with Lewy bodiés; Pancreatic protein disulfide isomerase .

1. Introduction

Parkinson’s disease (PD) afflicts about 1% of people over
age 65 and 4-5% of people over age 85, making it the most
common movement disorder and the second most common

* Corresponding author. Tel.: +1 781 687 2930; fax: +1 781 687 3527.

E-mail address: kconn@bu.edu (K.J. Conn).

! These authors contributed equally to the experiments performed in
this study.

0006-8993/$ - scc front matier © 2004 Published by Elsevier B.V.
doi:10.1016/;.brainres.2004.07.026

neurodegenerative disorder in humans [21]. Because of its
prevalence, PD is a major societal health problem. Presently,
there is no cure, dlagnostnc marker, or clear etiology for the
disease. The pathological halimarks of PD are the degen-
eration of dopamine (DA):containing neurons in the
substantia nigra (SN) and the presence of Lewy bodies
(LBs) in many of the surviving DA neurons {111.

LBs are 5-25 pm hyaline intraneuronal inclusions
classically consisting of three layers of varying eosinophilia
{131 LBs are found in neurons in several neurodegenerative
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-of PD neurodegeneration. As PDI famll.

disorders such as PD, Dementia with Lewy bodies (DLB),
‘and Alzheimer’s disease (AD) [11.4]. LBs contain a variety
of proteins including phosphorylated neurofilament, ubig-
uitin, and a-synuclein {11,29.33}

The majority of PD cases are sporadic; however, the
identification of a number of genes associated with rare
familial forms of PD has provided important insights into

- the underlying mechanisms of the disease. These ‘genes;
~‘encoding a-synuclein, parkin; UCH-L1, DJ-1, and PINK]1
‘have implicated -protéin misfolding, oxidative stress, and

impairment of the ubiguitin-proteasome system (UPS), in
the -pathogenesis of the disease [14.25.4.5,35]. The ubig-
uitin-proteasome system (UPS) is the primary biochemical
pathway fesanSible for the degradaﬁon' of normal and
abnormal intracellular proteins [15.16]. Proteolysis by the

_proteasome is specifically inhibited by the Streptomyces
_metabolite lactacystin [9]. UPS failure leads to _protein

accumulation and cell death {32.36].

"The accurhulation of mxsfolded/unfolded proteins w1th1n
cells triggers an-endoplasmic reticulum (ER) stress response
[18]. Cellular changes associated with the ‘ER stress
response - include the unfolded-protein response (UPR).
The UPR is characterized by the induction of gene

expression ‘of  ER-localized- protein-folding catalysts' and.
protein chaperones and also by the inhibition of protem‘

translation by phosphorylation of the eukaryotic i
factor-2a (elF-2at). Under conditions of severe ER stress,
the apoptotic cell death pathway is activated [18]."

We [3] and others [17.31] have recently, demonstrated
that the UPR gene GADDI53 is upregu]  the 1-
methyl-4-phenyl-pyridinium (MPP™) netrotoxin model [30]
mbers are also
upregulated by the UPR [18], wé’ investigated the expres-
sion of the PDI family of pr em' toxic models of PD
neurodegeneratlon and in hiima brain tissue from PD and

DLB subjects in the current study The PDI family of

proteins consists of** structura]ly related enzymes that
catalyze disulfide bond formation, reduction, or isomer-
ization of newly”synfhesizé:d proteins [10,12.34], The PDI
family also acts as'part of a quality-cantrol system to ensure
the correct foldmg of proteins, a feature essential to cell
viability.

The results of this study demonstrate that PDIp is
uniquely upregulated among family members by either
MPP" or lactacystin. RT-PCR confirms PDIp expression in
human brain and immunohistochemical studies demon-

strate that PDIp 1mmunoreact1v1ty in LBs co-localizes with
a-synuclein.

2. Materials and methods

2.1. Materials

MPP™ iodide, lactacy vstin, canavanine, Dulbecco’s Modi-
fied Eagle’s Medium (‘“‘T\’F M}, retingcic acid (RA), Tri

_week. For toxin experimen
-plates (10,000 ce'l_ls/we\ly‘ &

K.J. Conn et al. / Brain Research xx (2004) xxx—xxx

reagent, (Sigma, St. Louis, MO), H,0, (Fisher Scientific,

Rochester, NY), and fetal bovine serum (FBS) (Gibco BRL,
Grand Island, NY) were purchased from commercial sources

2.2. Cell culture and toxin treatment

The undifferentiated human neuroblastoma cell line SH-
SYSY (ATCC CRL-2266) was cultured at 37 °C.in a 95%
air, . 5% CO, humidified incubator_ and maintained in
DMEM (high glucose) supplemen d with 10% FBS.
Undifferentiated cells were. ro ine subcultured when
confluent and the culture me ag changed twice ‘a

lls were plated into 48-well
00 mm? dishes (0.8x10°

were changeditp esh differentiation media. The cells were
cultured another 3 “days’ and freshly prepared toxin or

vehicle was addéd in fresh differentiation media for various -

lengths of tim¢. All appropriate safety precautions were
_used in handhng toxin solutions.

23, RNA extraction and RT-PCR N

Total RNA was isolated from 100 mm? dishes in 1 ml Tri
Reagent (Sigma). Approximately 50 pg of RNA was treated
with 1 unit of DNAse-1 using the MessageClean kit (Gen-
Hunter, Nashville, TN). DNAse-treated RNA was subjected
to RT-PCR analyses, as described below, using primers to

- glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12;
G3PDH) to ensure that each RNA preparation was free of

DNA. DNAse-treated RNA (5 pg) was reverse transcribed
using . oligo(dT) primers provided in the Superscript kit -
(Clontech, Palo Alto, CA). Three different primer sets were
used for the amplification of PDIp (5 CGCCTGGTCACG-
GAGTTC 3'and YCCACAGGCGCATACTTCTTAGT 3), (5
CTTTGGACTCAAGGCTGAGG 3’ and 5 GCTCCTGT-
CCAGCAGTGATG 3), and (5 AGCCTCCAGAGGAG-
GAAATC 3’ and -5 AGGTCCTGGAAGAAGCCAAT 3).
The following primers were purchased (Gibco BRL) and
used for the detection of the PDI family members: PDI (5'
AGACTCACATCCTGCTGTTCTTGCC 3’ and 5’

- TCGGGCTTGTACTTGGTCATCTCC 3), PDIR (5’ GAA-

GAGCAGCAGACAAGCCTGTTGC 3 and 5 AAATCC-
CAATTCTGTGCGGTCGCTG 3%, P5 (5’
CAGTCTGAACTTGAGACCGCGTTGG 3'and 5' GTCAT-
CAAGCTCCACATCACTGAGG 33, ERp29 (5’
TCCCAAAAGCAAGTTCGTCT 3'and 5' GCTCCATGTT-
CAGCTTGTCA 3), ERp44 (STCTTGATCGCAGCAAAA-
GAA 3and YACCATATCCGGAGCAGAATG 3), ERp57 (5
TTATTTGTGTTGGGGGAAATG 3’ and 5 AGGGGTCT-
CATTTATTGTCACTG 3), ERp72 (5 GCATCGTTTGA-
CACCTTGCGGTGG 3" and 3
CAATACCAGGATGCCGCTAACAACC 3). Conditions
for G3PDH amplification were identical to those previously
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described {3]. For each primer set the reaetipn cycle consisted
of the following steps: 94 °C for 1 min, 60 °C for 1 min and 72

°C for 2 min. The number of PCR cycles needed for each -

primer set was optimized to give PCR products in the linear

range of detection for the Chemilmaging system described -

below. Reactions for G3PDH, PDI, P5, PDIR, ERp29, ERp72
were carried out for 30 cycles while reactions for PDIp,
 ERp44, and ERp57 were carried out for 35 cycles. Following
resolution by electrophoresxs on 2% agarose gels containing
0.5 pg/ml ethidium bromide, PCR products were visualized
-and quantlﬁed using the 4400 Chemilmager low light
imaging system (Alpha-Innotech, San Leandro, CA). PDIp;
PDI, PDIR, ERp29, ERp44, ERp57, ERp72 expression was
expressed as a ratio to the value of G3PDH product obtained
5 from parallel reactions. RT-PCR confirmation of PDIp
expression in human brain used RNA isolated from frozen,
post-mortem, superior frontal cortex from a subject with
pathologically confirmed DLB (Harvard Brain Tissue
Resource Center). RT-PCR was also performed using cDNA

generated from frozen, post-mortem, whole brain lysates

from a control subject with non- neurologxcal diseases
‘(Ambion, Austin, TX).

2.4. Western blots

Cells were harvested freln 100 mm? dishes in 300 pl.of
phosphate buffered saline (PBS) using a plastic cell hfter

Harvested cells were pelleted by centrifugation (12, 000 X g
at 4 °C), resuspended in 100 pl lysis buffer (20.mM Tris’ pH
7.4, 140 mM NaCl, 10% glycerol, 1% Triton X100, 2-mM

EDTA, 1x protease inhibitor cocktail (Roc
Germany) and frozen to —70 °C. Thaw
were clarified by centrifugation (12 Oxg“at 4 °C). The
protein  concentrations of the resultant “supernatants. were
determined using the BCA kit (PiercesRockford, IL). Fifty
pg of protein were resolved ¢ on a 10:20% Tris-HCI gel and
transferred to nitrocellulose (on Rad, Hercules, CA). After
transfer, gels were stamed with Bio-Safe Coomassie reagent
(Bio Rad) to monitor. equal-protein loading of lysates from:
the different. experimental conditions. Membranes were
blocked in 5% non-fat dried milk in TBST buffer (20 mM
Tris, 500'mM NaCl pH 7.5 with 0.05% Tween-20) for 60
min at room‘temperature. Membranes were then washed for
10 min three times in TBST. Membranes were incubated
with 1:200 dilutions of polyclonal rabbit anti-PDIp antisera
{71 or polyclonal rabbit anti-PDI (Stressgen Biotechnolo-
gies, Victoria, BC, Canada) diluted in TBST ovemnight at
room temperature. Membranes were washed as before and
incubated with a 1:10,000 dilution of goat anti-rabbit
horseradish peroxidase (HRP) conjugated secondary anti-
body (Chemicon International, Temecula, CA) diluted in
TBST for 2 h at room temperature. Membranes were

M annheim,

201 washed as before and incubated with SuperSignal West Pico
12 Chemiluminescent Substrate (Pierce). Membranes were

. visualized with the 4400 Chemilmager low light imaging

4 gystem (Alphe-Innotech}. Exposure times were optimized to

ell ‘Suspensions’

collect images of protein products thhm the lmear range of -

detection for the Chemiimaging system

2.5. Immunohistoqhemistry g .

Human brain tissue from subjects. with-pathologically
confirmed PD (five cases; ages 63—86 years; mean age, 78.6
years), DLB (eight cases; ages 74-87 years; mean-age, 80.1
years), AD (six cases; ages 75-83 years; mean age, 78
years), and control subjects with-no utologrca] diseases
without any pathological changes associ ted with PD; DLB
or AD (four cases; ages 7386 yé 4n age, 78.2 years)
were obtained from the Boston Un ersity -Brain  Tissue
Resource Center and usex _v.:1mmunocytochemlstry
Sections from fresh-frozén and¥paraffin- embedded tlssues'
were incubated with -either-blocking serum (same species as.
secondary antibod for 20 min or Super Block solution
(ScyTek Laboratones, UT) for 5 min: Sections “were
incubated with ejther polyclonal rabbit anti-PDIp antisera
{7] -and/or mouse ‘'monoclonal anti-a-synuclein antibody

(Zymed: TL:aboratories; South-San Francisco, CA) ovemlght '

at 4 °C. Sections were washed in PBS plus 10% BSA prior
to mcubatlon with biotinylated secondary antibodies (Vec-

tor; CA) "Alexa Flour 488 goat anti-rabbit 1gG (Molecular

Probes Eugene, OR) (PDIp) or Alexa Flour 546 anti-mouse

~ 1gG (Molecular Probes; Eugene, OR) at room temperature

for 1 h. The sections were washed as before and - staining
was performed with an avidin-biotin complex (RTU ABC
elite kit, Vector, CA) and AEC system (ScyTélg_ Laborato-
ries, UT) following manufacturers’ instructions or detected
by fluorescence microscopy (Nikon Eclipse E800 with RT
Slider). Some sections were also counterstained . with
hematoxylin or 4,6-diamidino-2-phenylindole*2HCI1
(DAPI). The specificity of anti-PDIp serum was also tested
by preabsorption assay (data not shown) using anti-PDIp
serum (1:500 in PBS plus 10% BSA) preabsorbed with 20
pg/ml human (6xHis)-PDIp peptide, room temperature for
1 h before applied as primary antlbody

2. 6 Analysis of cell viability

Cells were plated into 48-well plates (10,000 cells/well)
and differentiated as described above and freshly prepared
toxins were added for 24 h. The conversion of soluble 3-
[4,5-dimethylthiazol-2-y1}-2,5-diphenyltetrazolium bromide
(MTT) to insoluble formazan was assayed using the
CellTiter Non-Radioactive Cell Proliferation Assay (Prom-
ega, Madison, WI) as described previously [23].

2.7. Statistical analysis

Values represent the meanst+SEM. Differences among
means were analyzed by Student’s :-test or one-way
ANOVA with time or treaiment as the independent factor.
Wher, ANOVA showed significant dlfferencec
tests were performed.

post-hoc
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3. Results

“PDI, PDIR, PS, ERp29, ERp44, ERp57 or ERp72 is not

'_One-way ANOVA ‘on - the -individual gene compansons

4 » . K.J. Conn et al. / Brain Research xx (2004)»x¥x—xtt

M C M - kDa

3.1. MPP* éxposure and mRNA expression

205

R , _ o 116

Steady-state mRNA levels of each PDI family member 66

were ‘measured using RT-PCR with primers and' RNA 45
isolated 24, 48 and 72 h after exposure of differentiated
SH-SYSY cells to 1-mM MPP* or control conditions from
_thelr respcctlve no toxin control The expression of PDIp is

increased at all tlmepomts but that of the family members 29

(Fig. 1A). Quantlﬁcanon of steady-state PDIp mRNA levels
from four- -independent experiments demonstrated that the
increase in PDIp in MPP™-tréated cultures after 24 h -is
240.8+43.1% (mean*SEM, one sample r-test, p<0.05).

SH-SY5Y cells-Western bl
. isolated 24 h after MPP. ¢

showed that PDIp was uniquely upregulated. PDIp expres-
sion did not differ 51gn1ﬁcantly between 24, 48, and 72 h
(Fig. 1B).

Iy sepa 164, transferred to mtrocel]ulose and probed
Ip\fieﬂ panel) and PDI (right panel). Molecular weight
standards in kilodgltons (kDa) are shown to the right of the blots.

o421 ERp72

24 48 72 Hous

250 1 — 3 24 Hours —
J_» B 48 Hours
200 1 : : 0 72 Hours
E
& 150
LO)
X

PDIp PDI PDIR P35 ERp29 © ERp44 ERp57 ERp72

Fig. 1. RT-PCR analysis of PDip and other PDI family member expression in differentiated SH-SY5Y cells. (A) Electrophoretic separation of PCR products
from a typical RT-PCR experiment is shown using primers to PDIp, PDI, PDIR, P5, ERp29, ERp44, ERp57, ERp72 and RNA isolated 24, 48, and 72 h after
exposure to 1 mM MPP* (+) or no-toxin control conditions (=). (B) Quantification of PDIp, PDI, PDIR, PS5, ERp29, ERp44, ERpS7, ERp72 steady-state

mRNA was performed. as described in the text, Data are graphed as % control:SEM where control represents those cells not treated with MPP*. Values
represent the mean of four independent experiments *p<0.05.
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3.2. Western blot analysis 4 n 1 Ve st
' _experiments demonstrated that steady-state PDIp protein

Western blot analysis was performed to determine the = levels, normalized to steady-state PDI prqtein'leVéls, in -

influence of MPP" on steady-state PDIp protein levels using . MPP*-treated cultures as compared to control was increased
protein-specific antibodies to PDIp [26] on cell lysates - to 12928.82% of control (meanSEM, two-tailed one
isolated 24 h after-exposure of cells to 1 mM MPP* or-~  sample t-test p<0.05). Comparison of PDIp steady-state
control conditions. In parallel, steady-state PDI protein protein levels among lysates isolated 4, 12, 24 and 72 h

levels were also determiined. Because 24 h of MPP* (1 mM) ~ following MPP" exposure (1 ' mM) showed that differences -
in steady-state PDIp protein levels as 'C()m&pa‘r'ed. to control

exposure did not alter PDI steady-state mRNA levels (Fig.

1), we did not expect steady-state PDI protein levels to’ were maximal at the 24 h timepoint (data not shown).

change under these same experimental conditions. Both- Previous studies identified PD]p “as being "exclusively
PDIp and PDI migrate with an apparent molecular weight of - expressed in the pancreas [6]. T *conﬁgﬁ"‘ at théproduct in
~55 kDa [10]. PDIp but not PDI expression was increased in  our cell culture model was indeed PDIpand to determine if
MPP*-treated celis compared to control as shown by PDIp was also ‘expresse i hufi ‘brain tjssi:g,» RT-PCR
Western blot (Fig. 2). Coomassie staining of the SDS gels - was performed using thrée unique primers sets to PDIp and
(data not shown) was done to confirm that equal amounts of cDNA from three sofirces:.(1):MPP*-treated differentiated
protein were loaded on the gels. Quantification of steady- ~ SH-SYSY cells; (2) human whole-brain lysates' (Ambion);

Fig. 3. PDIp immunohistochemistry in human DLB and control substantia nj
incubated with and without antibodies to PDIp and a-synuclein. Immunorea )
sections were also counterstained by hematoxylin. (A) Substantia nigra from DLB brain immunostained with antibodies to PDIp (40 original magnification)
with typical brainstem LBs indicated by arrows. The rounded area of neuromelanin clearing indicates the position of the Lewy bodies in several neurons of the
substantia nigra. Smalier dot-like inclusions in the area of the melanin clearing are immunoreactive for PDIp suggesting that PDIp stains only a portion of the
LB structure. B. Substantia nigra from DLB brain immunostained with antibodies to a-synuclein (40x) with typical brainstem LBs indicated by arrows. (C)

iseased) brain immunostained with

gra. Some 10-pm sections of DLB and control (non-diseased) brain tissues were

Substantia nigra from DLE brain immunostained with antibodics to PDIp (20x). (D) Substantia nigra from control (non-d
antibodies to PDip (

20%). (E) Substantia nigra from DLB brain immunostained with secondary antibody only (20%).

5

state PDIp and PDI protein levels f.rbinfﬁi'e 'iﬁ&ep‘éxident.f

ctivity was detected using a vector ABC stafning kit with AEC chromogen. The -
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‘and (3) poét-mortem superior frontal -cortex from a patient

with DLB. All three sources of ¢DNA produced PCR

products of the expected sizes with all three unique primer

sets (data not shdwn). Sequencing of the PCR products
produced from amiplification of RNA isolated from DLB
brain tissue and from MPP*-treated differentiated SH-SYSY

~cells showed 100% sequence identity to PDIp within the

sequénces tested: (bases” 84-524 and. 1062-1544;
gi5803118). : S ’

33 lmmdnoh?stochemical analysis

. To determine the distribution of PDIp in human brain,
immunohistochemistry was performed. Positive PDIp

Jimmunostaining localized to LBs was found in some nigral

neurons of all PD and DLB subjects examined. PDIp stains
discrete intraneuronal inclusions that are irregularly shaped,
and are not always rounded, which most likely represents
staining of only a portion of the Lewy.body (Fig. 3A and C).
In addition, PDIp stains irregular threadlike neuritis in the.
surrounding neuiropil that conform fo the appearance of
Lewy neurites. The number of PDIp positive LBs varied
from'case to case. Positive PDIp immunostaining localized

-to LBs was also found in the amygdala, entohrinal coﬁe;g’{» B

hippocampus; and medulla of all DLB subjects examinéd

(data not shown). There was no PDIp imvmunostainingr_i:_w;v the' o
SN of -control subjects ‘(Fig. 3D), or in the SN of DLB
-subjects in sections incubated with secondary antibody only

(Fig. 3E). In addition, there was no PDIp immunostainifig'in
senile plaques or neurofibrillary tangles in.the brains 6f AD
subjects (data not shown). * - o

To estimate the subpopulation of PDIp immunoreactivity
aggregates in classical Lewy bt >ié$7 as“:defined by a-
synuclein staining, 10 conting fibr
fields from individually stdined;:seri
four Parkinson’s disease
imately 57% of a-syiiticlei
immunopositive for PDIp. *

~To determine i PDIpdnd a-synuclein immunoreactiv-

al 10 uM sections of
tients:were counted. Approx-
immunostained LBs are also

ities were co-]‘c)_g;élized. in LBs, a double labeling experiment

was performed. Sections of nigral tissue from subjects with
pathologically confirmed DLB were incubated with anti-

bodies to a=syriuclein and PDIp bound to unique fluorescent -
secondary antibodies. Positive PDIp (green) and a-synuclein

(red) immunostaining was identified in some LBs and the
overlay of the two fluorescent signals (yellow) demonstrates
that in those LBs where they are both present, a-synuclein
and PDIp immunoreactivity co-localize (Fig. 4). The
counterstain of nuclei with DAP] (blue) is also shown.

3.4, Lactacystin exposure and PDIp expression

\

Because LB formation in PD and DLB is associated with

impaired proteasome function F14.261, we tested whether

the highly specific proteasome inhibitor, lactacystin,
increased PDIp expression in differentiated SH-SY5Y cells.

 fion-overlapping 20x -

Fig. 4. Co-localization of a-synuclein and ‘PDIp expression in human DLB,
substantia nigra. A double labeling experiment was performed using DLB,

" SN tissue immunosta_ined with ‘antibodies to o-synuclein: (red) and PDIp
(green) each bound 10 unique fluorescent secondary antibodies. The red

staining shows «-synuclein immunoreactivity, the green Staining shows
PDIp' staining immunoreactivity, the yellow staining shows arcas where
a-synuclein and PDIp immunoreactivity overlay. The counterstain of nuclej
with DAPI (blue) is also shown. Typical brainstem LBs are indicated by
arrows (40x magnification).

Cells were treated with 10 pM- Tactacystin or no-toxin

control conditions for 24 h and RNA was isolated for RT--

PCR analysis (Fig. 5). Quantification of steady-state PDIp
mRNA levels from three independent experiments demon-
strate that lactacystin increases PDIp expression by
148.7+1.9% compared to the control (mean*SEM, one
sample r-test, p<0.002, n=3). PDIp expression did not
increase in differentiated SH-SY5Y cells following expo-
sure for 24 § to the oxidant H,0,; (600 uM) or to the inducer
of misfolded proteins canavanine (10 mM) even though
both agents display similar toxicity with lactacystin (data
not shown).
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Western blot: énalysis was performed to determine th
influence of lactacystiri.on steady-state PDIlp and PI
protein levels using cell lysates isolated 24 h after exposure

of cells to 10 pM lactacystin or control conditions,.PDIp but _'f"i

not PDI steady-state protein levels- increased followifig
lactacystin exposure (data not shown). Quantificatiori of

independent experiments demonstrat{ed’;“'~t§1at steady-state
PDIp protein levels, normalized to.stead —sfat,e PDI protein
levels, in'lactacystin—tr_eated cultures: §'compared to control

' f. control (mean+SEM,
two-tailed one sample -test p<0.05). '

4. Discussion

This study“”s\h:ows that the PDI family member PDIp is
uniquely ‘upregulated among family members within 24 h
following exposure of differentiated SH-SY5Y cells o

" either MPP™ or lactacystin. In contrast, neither H,0; nor

canavanine increased PDIp expression despite decreasing
cell viability to a comparable degree. Together, this
suggests that PDIp upregulation may be a specific signal
for proteasomal impairment. This hypothesis is supported
by our recent unpublished observation that exposure of SH-
SYSY cells to the proteasome inhibitor, MG115 [23] also
increases PDIp steady-state mRNA (~140% control after 24
h exposure to 30 pM). Cell death following canavanine, we
speculate, is likely due to the generation of several
defective polypeptides (noi just those associated with the
proteasome} because canavanine (the beta-oxa-analog of L-

" arginine and a substrate for arginyl tRNA synthetase) is

els from four’

incorporated into all nascent proteins in place of L-arginine

*_ Western blot analysis of total cell lysates confirmed that

PDIp steady-state protein levels are up-regulated in response
to both MPP* and lactacystin; though the magnitude of

steady-state protein upregulation was less than that of

steady-state mRNA. The difference between the magnitude

of induction between steady-state protein and mRNA levels
" has also been found with other ER stress genes [3] and may

be related to the _observation that' induction. of ER stress

- genes'is accompanied by phosphorylation of the eukaryotic

initiation_factor-2a (eIF-2a), which results in an overall

- decrease in protein translation [18]. It remains. to be seen

whether the ~30% increase in steady-state PDIp protein

levels following toxin exposure results in a proportional

increase in PDIp activity. :

It is unclear why MPP* and lactacystin increase PDIp
expression but not the expression of other PDI family
members. One possibility is that the different PDI related
proteins fulfill similar functions but act on specific substrates.
PDIp is structurally and functionally related to PDI. PDI and
PDIp share the same domain organization {45% sequence
identity) but PDIp lacks an enriched acidic amino acid stretch
at the carboxyl-terminus that functions as a peptide-binding
domain {28]. In addition, the PDIp ¢cDNA contains three
potential N-linked glycosylation sites not found in typical
mammalian PDIs. Both PDI and PDIp have been shown to
specifically interact with radiolabeled model peptides and
misfolded proteins in vitro; however, PDIp but not PDI has
high effinity for peptides with hydroxyaryl groups [19].
Characterizing protein-protein interactions will provide
insight into the possible protein substrates of brain PDIp.
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* Alternatively, the members of the PDI family might be
differentially regulated. For example, some PDI-related

proteins are upregulated by the UPR [22,241. Future’

identification of the responsive promoter element(s) of a
PDIp gene may provide further insights into the regulatory.
molecules that signal the initial events in dopaminergic
degeneration. In addition, if upregulation of PDIp is found

to be exclusively located with in the dopaminergic cells in -

the SN, characterization of the PDIp promoter elements may
provide the basis for expressing protective genes in
dopaminergic cells affected in PD.

In addition to being expressed in SH-SY5Y cells, PDIp
steady-state mRNA was detected in human brain by RT-
PCR. The sensitivity of RT-PCR to detect low levels of
mRNA transcripts may account, in part, for our discovery
that PDIp is expressed in the brain. This result contrasts with
Northern blot experiments that suggested PDIp expression

was restricted to pancreatic tissue {6]. We have used two -

methods to help clarify whether PDIp immunoreactivity in
the brain represents neuronal - expression. First, we have
used laser capture microdisection to isolate RNA from Lewy

body containing neurons of the substantia nigra and used .

this RNA to detect PDIp expression by RT-PCR (unpub-

lished results). Secondly, we have cultured mouse cortical .f""n:._,e»PDIp,. immunoreactivit'y is ass}ociat’ed‘wiﬂl_LB pathology.

“Collectively, these findings suggest  that increased PDIp

neurons and have shown that MPP" increases the expression. .

of murine PDIp in these primary neuronal
(unpublished results). » :
‘Positive. PDIp immunostaining localized to. EBs was

found in some nigral neurons of all PD amjDLB siiBj‘é’c":iS '

examined. This restricted distribution of.
eactivity may be the result of increaseds
response to ongoing exposure to toxicifactor(s) in those
neurons and/or the sequestration:* f
time. PDIp immunoreactivity_lj,s dete in both brainstem
and cortical LBs and co-localizes with a-synuclein jmmu-
noreactivity. The co4locali@iton of a-synuclein and PDIp
suggests that these molecules-‘nay have close physical

’Dlp ir_x;_m'unorf

interactions. Althgugs'huit is not clear why only some LBs are -

immunopositive f6r.PDIp;:it may represent the existence of
different stages of LBs-development. Sequestration of PDIp
within the LB could lead to a loss of PDIp function.

The 'fja@ysioic};gic role of PDIp in the brain is not known.,
PDIp is highly ‘expressed in the acinar cells of the pancreas
[7]. PDIp expression in both pancreatic acinar cells and in
dopaminergic neurons may reflect the largely secretory
function of both types of cells. Pancreatic acinar cells secrete
digestive enzyme zymogens, and dopaminergic neurons
secrete DA in response to hormonal and neural signals

(regulated secretion); which differs from the continuous"

movement of proteins to the cell surface in transport vesicles

(constitutive secretion) [2]. This suggests the possibility that

in DA neurons PDI may facilitate the folding of constitu-

tively secreted proteins and PDIp may facilitate the folding -

of regulated secreted proteins in the ER.
The connection between PDIp expression and protea-
some dysfunction is also unknown. One possibility is that

cultires

pression in -

Ip%to the LB over -

PDIp functions as chaperone in \thc_e unfo'lding of proteiﬁ

- substrates, ‘such as  tyrosine hydroXylase, destined for

degradation by the proteasome- [8]. The 26S proteasome is
relatively ineffective at degrading aggregated proteins [20]
and requires that substrates be unfolded to gain access to the
active site and. This would require that PDIp have access to
the cytoplasm. The subcellular distribution of PDIp in DA
neurons rémains to be determined; however, at least two
other members of the PDI family, PDI and ERp57 are found
in the cytosol [34]. It is also possible‘that PDIp exists in the
ER as part of a complex containi oth ER membrane and
cytosolic components involved in“degray ing misfolded ER
proteins. Data indicating that PDI- ji involved in-such a
complex have recently béen publishéd [2734]. .
In summary, we show that the PDI family member PDIp-
is uniquely upregulatedamorig family members within 24
h following expt f differentiated SH-SYSY cells to 1
+#Comparisons of PDIp expression among
cated with lactacystin suggest that “impaired
proteasome ‘function may be important mechanistically in
thedip-regulation of PDIp. Gene expression and immuno-

histochemical studies using postmortem brain tissue

A8

‘-“’derﬁ%r\;;_h‘dte’ that PDIp is expressed in the brain and that

expression. in proteasome impaired- DA rieurons may

- participate in LB formation and perhaps - contribute to -

neurodegeneration. The identification of the structural
components of the  inclusions found in the brains of
individuals afflicted with neurodegenerative diseases - pro-
vides insight into the pathological mechanism involved,
The identification of the PDI family member, PDIp, may
provide a new understanding of the pathological mecha-
nism involved in LB formation. ' :
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ABSTRACT'.

" Clustenn (apollpoprotem J)is a hlghly conserved mult1ﬁmct10nal vertebrate
glycoprotem Several isoforms of clusterin have been described - mcludmg the :
predominant secreted isoform (sCLU) and- several nuclear 1soforms (nCLU) assoc1ated '

w1th cell death sCLU has been shown to bind a vanety of partly unfolded stressed

protelns 1nclud1ng those a53001ated w1th Lewy bodies (LBs) in patlents w1th Parkmson s .

disease (PD). The development of familial and sporadic PD has been assoc1ated wrth the |
-ub1qu1t1n—proteasome system (UPS) dysfuncnon and aberrant proteln degradatlon ThlS ‘.
| suggests that failure of the UPS to degrade abnormal proteins may underhe mgral |
degeneration and LB formation in PD. To -explore this concept, the effects of toxm-
mediated. proteasomal impairment on changes in gene expression and cell vi'ability were’
studied in differentiated SH-SY5Y cells. Clusterin expression was incre'a.sed in cells
exposed for 24 hours to the proteasomal mh1b1tor lactacystm (10 uM) as determmed by
| gene microarray analys1s RT-PCR showed that sCLU, not nCLU, was the maJor
clusterin isoform expressed in both control and laetacystm h'eated cells. Western blot -
analysis identified statistically significant increases msCLU inlvtotal cell lysates, after.24
hours of lactacystin exposure and showed_that sCLU fractionates uvith the endoplasnrlc _
reticulum. Time course studies demonstrated that maximal decreases (4 hours) in
proteasome activity preceded ntaxinlal increases (24 hours) in clusterin expression.
Together these data suggest that proteasome impairment contributes signiﬁcantl_y to the
upregulation of V-SCLU in SH-SYS5Y cells supp_orting the hypothesis that the association of

clusterin with LBs in PD may be related to UPS failure.

KEY WORDS: Pa rl{x_r_sor s disease, Proteasome, Gene expression




- INTRODUCTION:

CluSterin.-is' a highly conserved, nearly nbiquilons, v'ertebrate protein known by

G ‘numerous names 1nclud1ng apohpoprotem 5 (ApoJ) (JOHSS and Jomary, 2002) The

"-'-, : expressron of the clustenn gene (CLU) is complex resultmg in dlfferent clustenn

1soforms that appear in’ dlfferent cell compartrnents Translated as a 449 amino acid -

s precursor clustenn possesses a 51gnal peptlde that gmdes it 1nto the endoplasrmc '

. re’uculum (ER) and. is glycosylated and mternally cleaved before it is secreted The |

- secreted form of the clusterrn protem (sCLU) is a heterodunenc sulfated 80 kDa

L glycoprotem that appears as a ~40 kDa a- and B-protem srnear by SDS-PAGE under

. reducmg condltlons (Yang etal., 1999) sCLU possesses nonspecrﬁc bmdlng activity to

hydrophobrc domams of vanous protems in vitro (Humphreys et al., 1999) and has been -

hypothesrzed to functlon as a molecular chaperone (Ba1ley et al;, 2001; Clark and-
| Gnswold 1997, K1mura etal 1997 M1chel etal., 1997)

In addltlon to- sCLU several intracellular clustenn isoforms have been descnbed
(Debure et al 2003; Leskov et al 2003 Reddy et al., 1996 Senut et al., 1992). Thiese
include several nuclear isoforms associated wrth cell death. For exa.mple, a 42-kDa
. naclcar.glyco/isoforrn of clusterin is up-regulated in vepithelial cells undergoing apoptosis

 (Lakins et al., 1998). Similarly, a 45 KDa isoform of clusterin has been described which,
when targeted to the nuclens, can decrease cell proliferarion and promote cell
detachment-induced apoptosis in human prostate epithelial cells (Caccamo et al., 2003;
'Caccamo et al., 2004). Lastly, it has laeen shown that a spliced rzariant of sCLU, lack_ing

exon II, gives rise i¢ a nuclear form of clusterin (nCLU) that is targeted to the nucleus




following ionizing radiation (Leskov et al., 2003) and vthat o'verexpression, of nCLU
results in caspase-3- mdependent apopt031s (Yang et al., 2000).
Be31des being associated w1th cell death clusterin has been related to numerous

other biolog’ical processes including cytoprotectlon, sperm maturatlon_, hp1dvtranslvxl)rt‘, L

- regulation of the complement cascade, membrane recycling, immune regula’uon, cell |
adhesmn and morphologlcal transformatlon (Rosenberg. and Sllkensen 1995) Clusterm "I_ |
gene transcnptlon is responswe to cellular stress (Mmhel et al 1997) and is induced after
tissue mjury and in many disease states such as glomerulonephritis, polycystlc kldney |
disease, renal tubular mJury, atheroscleros1s myocard1al 1nfarct10n - and
neurodegeneratlve conditions including Alzheimer's disease (AD) where- it ass0c1ated
with amy101d plaques (Choi-Miura et al,, 1992 lestrom et al., 1998; May and chh,
1992; McGeer et al 1992; Oda et al., 1994; Rosenberg and Sllkensen 1995) Inaddruon )
clustenn has been found in glial cytoplasrmc inclusions (GClIs) in cases with multlp]e

- system atrophy (MSA) and is assocmted w1th Lewy bodies in patients- w1th dementla w1th :
Lewy bodies (DLB) and Parkinson’s disease (PD) (Sasak1 etal., 2002). : '

The pathologlcal hallmarks of PD are the degeneratlon of dopamine (DA)-
contalmng neurons in the substantia nigra (SN) and the presence of Lewy bod1es (LBs) m' _ |
many of the surviving DA neurons (Forno 1996). The majority of PD cases are sporadlc
The identification of a number of genes associated with rare familial fo_rms of : ‘PD,-
however, has provided important insights into the underlying mechanisms of the disease.
These genes, encoding o;-synuelein, parkln, UCH-L1, DJ-1, and PINKl have implicated
protein misfolding, oxidative stress, and'impairment of the ubiquitin-proteasome system

(UPS), in the pethogernesis of the disease (Dauer and Przedborski, 2003; Dawson and




Dawson 2003 Halllwell 2002 McNaught et al,, 2001 Valente et al, 2004) The

o ub1qu1t1n-proteasome system (UPS) is the pnma:ry blochermcal pathway respons1ble for

' .~the degradatmn of normal and abnormal mtracellular protems (Hershko and Clechanover

i - 1998 Hochstrasser 1996) Proteoly51s by the proteasome is spec1ﬁcally 1nh1b1ted by the | '

s ; | : Streptomyces metabohte lactacystm (Fenteany and Schrelber 1998) UPS fallure leads to

~.iprote1n accumulatlon cell death (Sherman and Goldberg, 2001 Voges et al 1999) and B

poss1b1y IB formatlon (Alves-Rodngues et al., 1998 Andersen 2000; Carrell and -

:f'vi -_-’.'Lomas 1997 D1ckson 2001)
* MATERIALS AND METHODS:

S Mqtérials- Léctacystin, Dulbecco's modified Eagle‘ps:‘: Medium' _(DMEM); retinoic acid
- (RA), Tﬁ;redgent (Sigma;Aldﬁch; St. ‘L_ouis, MO)? and fetal bovine serum (FBS) (Gibco

BRL, Grand Island, NY) were purchased from corhmerCial sources.

Cell culture dzﬁ’erentzatzon and toxin lreatneent - 'Ihe undlfferentlated human
: neuroblastoma cell line SH-SY5Y (ATCC CRL—2266) was cultured and dlfferentlated
with RA as descnbed previously (Conn et al., 2003). Briefly, und1fferent1ated cells ‘were
mamtamed in DMEM-high glucose supplemented with 10% FBS. For toxin experiments .
0.8 x lO6 cells were plated into 100 mm? dishes (Cormng Cambndge MA) in
d1fferent1atl0n media (10 ml DMEM plus 10% FBS, 100 units/ml pemcﬂhn, 100 mg/ml'

* streptomycin and 10 pM RA) and cultured for 6 days, with one media change, prior to




the addition of freshly pfepar_ed lactacystin (10 uM) or vehicle, phosphafe buffsf?ﬂ,‘SéIine o

(PBS), for various lengths of time in fresh differenti_ation media.

Mzcroarray analyszs— 15 x 10° cells were treated for 24 hours with lactacystm (10 p,M) or o
’ control condmons (Vehlcle) prlor to bemg harvested for custom gene mlcroarray analys13

using the plastic human 12K microarray (BD Blosmences, Mt. View, CA).» ;

" RNA zsolatzon and reverse transcrzptzon - KNA 1solat10n and reverse transcnptlen was -
performed as prev1ously described (Conn et al. , 2001). Bneﬂy, total RNA ‘was 1solated '
from each experimental condition using Tri reagent (Sigma—Aldrich‘ St. Loulsi MO) a;nd
treated thh 1 unit DNAse-I using the MessageClean kit (GenHunter Corp, Nashv111e
TN) DNAse—treated RNA was subJected to PCR analyses as descnbed below usmg
primers to G3PDH to ensure that each RNA preparatlon was free of DNA DNAse-
treated RNA (5 pg) was reverse transcnbed usmg ohgo(dT) pnmers prov1ded in the

Superscript kit (Clonetech; Palo Alto, CA). .

PCR amplz’ﬁcation, visualizariqn and quantiﬁcation — PCR 'reactione for ﬂle ampliﬁcat'io‘n- o
of glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12; G3PDH) were peﬁorﬁed as
described previonsly (Conn et al., 2001). Clusterin expreséi_on .waS',detectéd usmg a
prirne; set previously shown to distinguish sCLU from nCLU (Leskov et al, 2003) and
with primers designed (Rozen and Skaletsky, 2000) to. elusicﬁn (8120455818)

corresponding to base pairs (bp) 2417 to 2436 (5> TCACTGAGGTGGTCGTGAAG 3

and 2661 end 2642 (&' TACTTGGTGACGTGCAGAGC 3%). PCR conditions were




optrmrzed to give products in the linear range. of detectlon using tne 4400 Chemllmager RETR

low—hght imaging system (Alpha—lnnotech San Leandro, CA): 30 cycles of 95 °C for

30 seconds 68 °C for 45 seconds, and 72 °C for 45 seconds using the pnmers descnbed '
by Leskov et al and 30 cycles of 94 °C for 1 minute, 60 °C for 1 minute; and 72 °C for 2 o

~ minutes usmg the pnmers described above

Subcellular ﬁactzonatzon— Ennchecl nuclea:r endoplasmlc reticular, and soluble cytosohc

~ fractions were isolated as described previously (Rao et al., 2001). Bneﬂy, cells were

harvested from 100 mm? d1shes n 1ce-cold fract10nat1on buffer, pH 7.4 (20 mM I—IE‘.PES
IOmM KCl, 250 mM sucrose, lSmM MgCl,, 1mM EDTA 1mM EGTA lva
dlthrothrertol and 1 X protease inhibitor cocktall) and homogemzed on ice thh 25 passes
of a 2-ml Kontes Dounce T1ssue Grinder (Fisher ScrentlﬁC'.Rochester NY) After cell.
lys1s nuclei were pelleted by centnfugatron for 10 mlnutes (750 X g at 4 °C) and

resuspended in nuclear lysis buffer, pH 7. 5 (20 mM Tns 420 mM KCl 1 5 mM MgC12 _

20% glycerol, 0.5% triton XIOO and 1 X protease mmbltor cocktail). The’ supernatant.

was collected from the nuclear pellet and clanﬁed by cenmfugatron for 30 rmnutes B

(10, 000 x gat4 °C) The resultant supematant was collected and centnfuged for 60A
minutes (1 OO,QOO xg at 4 °C) to_ obtain an ER pellet and a ‘'soluble eytoplasrruc
sapernatant. The ER pellet was lysed in ER buffer, pH 7.4 (10 mM Tn's_O_.S% triton .XIOO
and 1 X protease inhibitor cocktail). The protein concentrations’ of the enriched _ﬁ'actlons"
were d_etermirred using the BCA kit V(Pierce; Rockford, IL) and equal amounts of protein -

from each fraction were subject to Western blot analysis as described below.




' Wesiern blot -analysis- Western blot analyﬁs ‘was -i)erformed aS described i)reviously
| (Cor'met' ai., 2001) Briefly, cells were harvested in 1y§is buffer (20 mM Tris pH 7.4, 140
mM NaCl, 10% glyceroi 19 Triton X-100, 2 mM EDTA, 1 X proteas,e inhibitor
._ cocktarl) and 50 ug of protein from each expenmental condition were resolved by SDS
PAGE and electrophoretleally transferred to mtrocellulose membranes After blockmg
- membranes Wlth 5% non—fat milk, membranes were incubated wrth elther a lpg/ml I
T dﬂutron of polyclonal ‘goat anti- apohpoprotem J (Chemlclon Intematlonal Temecu]a,
CA) or a 1:1,000 dilution of polyclona1 rabbit an’u-PDI (Stressgen Biotechnologies; '
 Victoria, BC Canada). After washing, membranes were incubated with 1:10,000 dilution
- of .dor}key anti-goat or goat anti-rabbit horseradish p_erOXidase (HRP) conjugated'
' secondary antlbody (Chemlcon Internatlonal Inc Temecula, CA), "'respe'ctively. '
Membranes were washed pnor to | mcubatron w1th SuperSrgnal ‘West Pico
Chemiluminescent Substrate (Pierce; Rockland IL). Membranes were wsuallzed thh the
| 4400 Chemﬂmager low hght 1mag1ng system (Alpha-Innotech; San Leandro, CA)

Exposure times were opt1m1zed to collect images of protein products within the linear

range of detection for the Chemiimaging system.

208 Proteasome\Activity‘ Assay- Cells were harvested from 100 mm® dishes in 300 pl of
PBS using a plastic cell lifter. Harvested ceils were pelieted by centrifugation (12,000 x g
at 4 °C), resuspended in 100 pl lysis buffer (PBS with 1% Triton X-100) and frozen to -
70 °C. Thawed cell suspensions were sonicated using & Branson sonifier 450 (30 seconds

with a 5@% duty cycie at a power level of 20 W) and clarified by centrifugation (12,000 x

g at 4 °C)

. The protein concentrations of the resultar mt supernatants was determined using




tne BCA kit (Pierce; Rockford IL). The supematant was assayed for proteasome act1v1;cy o
usmg the 20S Proteasome Act1v1ty Assay Kit (Chermcon Temecula, CA) accordmg to

| the manufacturers instructions. Bneﬂy, 20 pg of protein from control (con) and each |
experimental (exp) condition was mcubated with () and w1thout () 3 125 M

: 1actacyst1n (lac) for 10 mmutes at room temerature prior to being mcubated w1th 5 p.M of
the LLVY 7-amino-4- methylcoumann (AMC) ﬂourogemc substrate at 60 °C for 60
minutes. Flourescence was quantlﬁed as relative ﬂuorescence umts (RFU) usmg a _‘

| 355/460 nm filter set in a microtiter plate ﬂourometer MFX (Dynex Technologle

Chentilly, VA) Proteasome activity, expressed as % control, was caluculated as: (RFU op

-lac ~ RFU exp+1ac/RFJcon fac™™ RFU con+lac) X 1OO

Cell vzabzlzly assay- The MTT assay was used to evaluate cell v1ab111ty Cells wel'e plated
at a density of 1 x 10* cells/well in 48-well tissue culture plates in 500 p,l of :
differentiation media. Cells were cultured for various lengths of time and the conversmn
of soluble 3-[4,5-Dimethylthiazol-2-y1}-2,5- dlphenyltetrazohum bromide (MTI') to- 4
insoluble formazan by mitochondrial. dehydrog_enase activity was assayed usmgv ‘the »‘

CellTiter 96 Non-Radioactive Cell Proliferation Assay (Promega; Madison, WI)

Statistical Analysis- Values represent the means = SEM. Differences among means were
analyzed by student's t-test or one-way ANOVA with time or treatment as the

independent. factor. When ANOVA showed significant differences, post-hoc tests were

performed.




 REsuTs:

, To explore the hypothesrs that UPS fa;tlure may underhe mgral degenerat1on and
.‘ LB formatron m PD, we studled the effects of toxm—medlated proteasomal 1mpa1rment on
changes in gene expresswn and cell viability. RA-d1fferent1ated SH-SYS5Y cells were

- treated for 24 hours w1th lactacystm (10 pM). or control condltlons (vehlele) prior to

o bemg harvested for custom gene microarray analysrs usmg the plastlc human 12K

o mlcroarray (BD Bloscrences Mt. Vtew CA) of the 683 genes 1dent1ﬁed by the

- "manufacturer as dlfferentrally expressed, the clusterm gene Showed the greatest change

o '(Flgure 1)

o To conﬁrm the gene mlcroarray results RT-PCR analyses were performed usmg

S 'RNA 1solated from cells treated w1th and w1thout 10 pM lactacystm for 0.5, 2 4 8 16 |

o and 24 hours and prlmers correspondlng to bp 2417 ’tO 2436 and 2661 and 2642 of the

clustenn gene (g120455818) Parallel PCR reactlons were also performed using primers
to the housekeepmg gene G3PDH to determme the spec1ﬁ01ty of the gene expressron
response The results from a typlcal RT-PCR expenment usmg primers to clusterin and
| ',G3PDH (Figure 2A) show that lactacystm does not alter the expression of G3PDH In
contrast, clustenn gene expressmn was mcreased in lactacystln-trea‘ted cells as compared
to control cells at 8, 16 and 24 hours. |

To study what isoform(s) of clusterin were expressed in control andlaetaycystin-‘:'
treated cells, RT-PCR analysis was performed using RNA isolated from cells treated with |
and without _10 M lactacystin for 24 hours and primers to clusterin previously shown to

amplify both the full length secreted form of clusterin, sCLU, and the alternatively




sphced cell death nuclear isoform of clusterm nCLU (Leskov et al. 2003) The results e
from a typlcal RT-PCR expenment (Flgure 2B) show that a smgle PCR- product wasv
detecte_d using RNA from both control a;nd lactacystm-treated cells correspondmg’ te ithe_
expeeted size of the sCLU isoform. | ” |

To determine apparent molecular mass of-the clusterin 1soform(s) expressed m’
.control and lactacvstm treated SH- SYSY cells and to deterrmne the mﬂuence of
lactacystm on steady-state clusterin proteln levels, Western blot analyses wel_'e pe;fqrmed:
vusirig total cell lysates isolated 24 hours after exposure of cells to lact_a’cy:stiD (IOpM)or |
control conditions and polyclonal anubodles to reeombmant sCLU The results from a
typical Western blot experiment (Flgure 2C) ‘show that the major clustenn polypeptlde in
both control and lactacystin treated cells migrates with an apparent molecular:mass_ of
~40 t’o‘ 45 kDa and that st_eady—étate chisten'n proteirri‘levels’increase in SH_SYSY cel]s
following lactacystin exposure. Quahtiﬁeafipn of steady-state elusterin j]_)vlv'c’).t_eih"leyels _
from .feur indelaendent experiments 'delajenstrated that the- increase' m clustenn in
laetacsrstin-treated cultures after 24 hours is 124.7% + 6.67% (mean + SEM, one sample
t-test, p<0.05). |

The subcellular localization of cluSterin i_n cells exposed for 24 hours to eontrel or
lactacystin (10 .p.M) was exafninea_ by W_estem blot using enriched nhclear, ER, and
soluble cytosolic fractions and aﬁtibedies to clusterin. The result from a typical Westerh
blot experiment (Figure 2D} show that the major clusterin polypeptide in both control and
lactacystin treated cells fractionates wnh the ER. No clusterin was found in the nuclear or -

soluble cytosol fractions. The integrity of the fractions was monitored in parallel Western




R blor experiments using antibodies to the ER resident protein disulfide isomerase and by

s .Coomassie ‘staining of ‘gels after transfer (data not‘siiovm).

The temporai relationship between clustenn gene cxpresslon 20S. proteasome
| act1v1ty and cell Vlabihty was evaluated in RA-differentiated SH—SYSY cells treated w1th |
V s and wrrhout 10 uM lactacystln for 0.5, 2, 4 8 16, 24, and 48 hours (Figure 3). Maximal

decreases m proteasome act1v1ty were detected 4 hours after lactacystin exposure (38.7% -
. + 3 92%, mean + SEM two-taﬂed one sample t—test p<0 0001) and p;receded maximal
: o -mcreases in clustenng gene expressmn at 24 hours (193 1% + 18 2%; mean * SEM one
sarripie tj-test,‘ p<0.005). M‘axrmal changes' in clustenn_ gene.expresswn and proteasomal
o ‘-'.activity both preceded decreases in cell viability as measured by the MTT which is not.
: detected until 24 hours after lactacystm exposure (76 3% + 3. 38%, mean + SEM, two-

: »tailed one sample t—test p<0 0005).

" DISCUSSION:

The results of this study indicate that proteasome impairment contributes
siglliﬁcaritly to the upregulation of clusterin by lac_racystin. This is of particular interest in
furthering our undersranding of the pathogenesis of PD as it suggests that the association
of clusterin With'LBs in PD (Sasaki et al., 2002) rriay be related to UPS failure. There is
increasing evidence that UPS failure may underlie nigral degeneration and LB formation
in both sporadic and familial PD (Dauer and Przedborski, 2003; Dawson and Dawson,
2003; Halliwell, 2002; McNaught et al., 2001; Valente et al., 2004). Recently, it has been

shown that synthetic (Z-lle-Glu(OrBu)-Ala-Leu-al; PSI) anc naturally occurring



(epoxomicin) inhibitors of proteasomal function can induce a progressii(é disorder in fats
fha._‘t ‘ c1cv.>ﬂs’el.y recaﬁitulates the features Qf PD (St ét .alf, :2004). Ou:f ﬁnding relating
o pfoteasé)mal ir'npaif_ment to i_ncréased cluéterin ex'préssion?é .s.uppofted by the obser\}ation
_- thatln w]38 ﬁbr;oﬁlasts, epoXémicin exposure increaées both sCLU and a ,cytéplasmic 64
. kDa iébf()nn of clustéﬁn (Chondrégiamﬁ et all;, 2003).- -
o : Ip_creascd'}clus'te.rin »expr.essvic’)nbhas been associated .v‘vithvcebll d'_e:ath réspor_lses in .
o véﬁqﬁs Ussues after toﬁic' sﬁéss 31gnals (Ahujfci et al, 1994;:'Bﬁrséh et al,, 1995‘;. Buttyan
et 'al, 1989; Danik et al, 1991; May, 1993; Sensibar et al., 1995; Tenniswood et al.
‘1.9‘92; Wohg, 1994). Increased clusterin eXprcsSion’ has ‘been reported. to be both |
, cyféﬁrOteqﬁvé (Cﬁéwell »e‘t al.,,2(503v; Michel et vé.l.,_‘-1997;= Popper et al, 1997) and .
c;,ytotoxic Witha nu@bek of iaBoratoﬁes showiﬁg that cgli dg:ath formé of clusterin are
' targ’éted to the ﬁucleus (Caccamo et al., 2003; Caccamo et val._,"v2(A)O4; Lakiné_et al., 1998;v .
Leskov et al., 2003; Yang et al., 2000). .
There is no b'ev'icilevnce that clusterin’vfunctio.ns. as an ihduéer of cell death in SH-
- Sy5Y‘ cells_ follbwing laétacy_stin _exposu_re. By RT—PCR, sCLU but not nCLU was
detected in both control and lactacystin-treated célls. Western blot analysis following.
_ subcellular fractionation also failed to detect clusterin associated with the nucleus; The
éppar_ent vmolecular mass of clusterin (~40—45 kDa) and the association of clusterin with
f_;he ER suggest that in 'both contrpl and lactacyStin-tfcated cells sCLU . is the' major
isoform expressed.
Thére is a growing body of evidence to suggest that stress-increased eXpression of
sCLU is e cyioprotective effort (Criswell et al., 2003) and that sCLU exeﬁs

cytoprotectior. by functioning as a protein chaperone (Humphreys et al., 1999). sCLU is




capable of binding a wide Tange of partners (Wﬂson and Easterbrook-Smlth 2000) o

mcludmg partially folded stressed protems (DeMattos etal., 2002 Poon et al. 2002) such

as the major LB polypeptide component a-synucleln (Zhou et al 2004) The .

mtracellular localization of LBs and the observatlon that zn vztro astrocytes but not a

- peurons,’ secrete clusterin (Morgan et al 1995; Pasmettl et al,, 1994) suggest thet 1n )
neorons .clusterm exert its blologlcal functlon mtracellularly Our ﬁndmg that clustenn
localizes to the ER, 'suggests that in neurons clusterin may possxbly _functlon asa stt'ess—
inducible ER protein chaperone.

It remains unclear how clusterin becomes associ'éted_ with LBs. LB .forrna‘.tion has
been hypothesized to an aggresome-related event in response to increasing 'leVels of
abnomal protems in neurons (McNaught et al., 2002). Aggresomes are structures that
accumulate rmsfolded proteins thereby protectmg against the deletenous spreadmg of :
misfolded proteins in the cell (Chung et al, 2001). Recently, it has been- found that
clusterm has strong aggresome formmg capacny (Debure et al., 2003).

One p0331b1e model of the relationship between UPS failure, clusterm gene
expres’sion, LB formation and neurodegeneration'in PD (Flgure 4) is that in DA neurons
clusterin expression is increased as a resutt. of UPS failure caused by genetic and/or
environmental insults. Functioning as a protective chaperone molecuie; chist_eﬁn becofnesv
associated with misfolded/damaged proteins that accumulate as a result of UPS failure
thereby promoting cell survival. Oyer time, clusterin bound to its substrate becomes |

sequestered in within aggresomes and later LBs leading essentially to a loss of protective

chaperone function and cell death.




’ In 'cohclusion’ the results of this study suggest thét vproteasome impairment

i : 'contnbutes s1gmﬁcantly to the upregulatlon of sCLU in SH-SYSY cells supportmg the

=t "_frhypothes1s that ’rhe assoc1at1on of clusterin with LBs in PD may be related to UPS failure.
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FIGURE LEGENDS:

Figure One- Gene microarray analyszs of lactacystin toxzczly- Shown are of i 1mages of
plastlc hu:man 12K mlcroarrays generated from cells treated for 24 hours with lactacystln

(10 uM) or control condmons (vehicle). The arrows show d1fferent1al gene expression of

clusterin.

Figure Two- RT-PCR and Western blot analyses of clusterin expression- Cells were
exposed to 10 uM lactacystin (L) or control (C) conditions for up to 24 hours pﬁdf to
being harvested for RT-PCR and Western blot analyses. A.'Electrophor'etic separation of

PCR products from a typicai experiment is shown using RNA isolated from cells after

incubation with (+) or without (-) lactacystm for 0.5,2, 4,8 16, and 24 hours and primers
to G3PDH and clusterin B. Electrophoretlc separation of PCR products from a typical

23




o experimenf is shown using RNA isolated 24 hours after exposure of cells to laclacyStin
(L)-or: control (C)- conditions and p_rimers to clusterin c‘apable of discriminating sCLU
(34‘0-'bp). from the alternatively spliced nuclear nCLU .V(220 bp) isoform. A 50 bp DNA

ladder is shown to the left C Western blot analys1s from a typlcal expenment is shown |

o usmg total cell lysates 1solated 24 hours after exposure of cells to lactacystm L) or

’ control (C) cond1t1ons and ant1bod1es to clusterin (left panel) Coomass1e staining of the

,gel -after t'ransfer (right panel), was perfo‘rmed to monitor equal loading of protein

_ Molecular we1ght standards in kilodaltons (kDa) are shown to the left of the blot. D

_.Western blot analy51s was performed on ennched nuclear (N) endoplasmlc retlcular (ER)

'».-and soluble cytosol (S) frac‘uons obtamed from control (C) and lactacystm—treated @)

cells w1th ant1bod1es to clustenn.

Figure Three - Timécburse of clusterin géne expfesnion; proteas'omal activity, and cell |
‘ ‘viabilit)‘/. in SH—SY5 Y cells after exposure to 10 uM blc.zc'tlacysltin- Cells were.exposed to .
lactacystin (L) or control eonditions (©) for'Q.S, 2,4,8, 16, 24, and 48 hours. At each
'th‘nepoint,b clusterin and G3PDH gene expression, cell viability, proteasomal activity, was -
quantified as c_lescribe'd‘ in the text. Data are graplled as % control where control
represents those cells not treated Wlth lactacystin.. Time course represents the mean of
quadruplicate values from a single eXperiment except for values with error bars where the

“data represents the mean + SEM from 4 to 7 independent experiments.

Figure Four — Model of the relationship between UPS failure, clusterin gene expression,

LB formation and neurodegeneration in PD- Clusterin expression is increased in DA




neurons as a result of UPS failure caused by genetlc and/or envn'onmental msplts

' | Functlomng as a protective chaperone molecule clusterm becomes associated with
- -m1sfolded/damaged protems that accumulate as a result of UPS fallure thereby promotmg
cell :survival._Over tlme, clusterin bound to its substrate becomes sequestered in within |

= »_,ag’gresomes ‘a'nd :la_ter LBs leading essentially to a loss .of j:p,r_c')tective chaperone function

and cell death.
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